Effects of boron (B) addition on martensitic transformation temperature, stress for inducing martensite and slip stress of a Ti-24 mol%Nb-3 mol%Al (TiNbAl) superelastic alloy were investigated in a composition range from 0 to 0.10 mass%B. It was found that a second phase is formed by the B addition being higher than 0.05 mass%B. This second phase was estimated to be TiB. The averaged grain size of TiNbAl was decreased by the B addition being higher than 0.05 mass%B. This decrease must be explained by the suppression of grain growth by the second phase. The second phase plays a role of pining sites of grain boundary movement during the solution treatment. The martensitic transformation temperatures (M s ) measured by differential scanning calorimetry were decreased by the B addition. Superelastic behavior was evaluated by a cyclic loading-unloading tensile test at room temperature with a constant strain increment of 1%, and it was found that superelasticity appeared regardless of the amount of B addition. It was also found that stress for inducing martensitic transformation ( SIM ) increased with increasing B concentration up to 0.05 mass%B. This increase of SIM by the B addition can be explained by the lowering of M s by the B addition. The critical stress for slip ( SLIP ) increased with increasing the B concentration being up to 0.05 mass%B. The increase of SLIP by B addition was evaluated to be 3 GPa/mass%B, and it was significantly higher than that of SIM (500 MPa/mass%B) when the B concentration was less than 0.05 mass%B. These results indicate that B addition is effective to reduce the permanent unrecoverable strain introduced during deformation.
Introduction
Superelastic alloy has been applied for various industrial applications including biomedical application in recent years. TiNi alloy is de facto the only one practical superelastic alloy which is used for several biomedical applications partially because TiNi has excellent performance of superelasticity. There is, however, the possibility of onset of Ni-hypersensitivity for the implantation of TiNi. Recently, there are some reports suggesting that TiNi alloys should not be used as orthodontic materials because of poor biocompatibility. 1, 2) On the other hand, CP-Ti and Ti-base alloys such as Ti-6Al-4V have been widely used as implant materials because they possess several advantages as biomaterials such as high corrosion resistance, moderate mechanical properties and superior biocompatibility. It has been reported that some -Ti alloys have a thermoelastic martensitic transformation from -phase (bcc) to 00 -phase (c-centered orthorhombic). 3) Since the shape memory effect in -Ti alloys was firstly reported by Baker in the Ti-35 mass%Nb binary alloy in 1971, 4) several researches such as shape recovery test and microstructural observation were done for Ti-base shape memory alloys. [5] [6] [7] [8] [9] [10] [11] [12] According to these backgrounds, we have systematically developed new ''Ni-Free'' Ti-base superelastic alloys composed of nontoxic elements only and succeeded to obtain superelasticity in several TiMo base and TiNb base alloys such as TiNbAl and TiNbZr. [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] The superelastic shape recovery of these alloys comes from the reverse martensitic transformation by unloading.
The strength of -Ti alloys is, however, not enough compared to that of TiNi alloys, especially at solution treated state. For example, about 2% of residual strain was introduced by a loading stress of about 400 MPa in the solution treated TiNbAl alloys. 21) In order to obtain better superelasticity, it is necessary to reduce the amount of permanent unrecoverable strain by slip deformation. This reduction must be achieved by increasing the critical stress for slip ( SLIP ) sufficiently higher than the stress for inducing martensitic transformation ( SIM ). It is known that interstitials such as oxygen and carbon cause large solution strengthening and there are some reports investigating the effects of interstitial element additions on the mechanical properties of the -Ti shape memory/superelastic alloys. [24] [25] [26] It was previously reported that 0.05 mass% of boron (B) addition is effective for the strengthening of TiNbAl alloys. 24) However, the change in transformation behavior and mechanical properties of TiNbAl alloys as a function of B concentration is not sufficiently clear yet. Then, in this study, the effects of B concentration on the phase constitution, microstructure, martensitic transformation temperature and superelastic behavior of a Ti-24 mol%Nb-3 mol%Al superelastic alloy were clarified with a compositional range from 0 to 0.1 mass%B.
Experimental Procedure
Ingots of Ti-24 mol%-3 mol%Al-x mass%B (x ¼ 0, 0.03, 0.05, 0.07, 0.10) were fabricated by Ar arc-melting method in an Ar-1%H 2 atmosphere. The alloys are termed using x like 0B, hereafter. High purity starting elements of Ti (99.99%), Al (99.99%), Nb (99.9%) and B (99.9%) were used. Each ingot was about 20 g in weight and no chemical analysis was made because the weight change was smaller than 0.07 mass% during alloying. The ingots were sealed in vacuum by encapsulating quartz tubes. Then, the alloys were homogenized at 1273 K for 86.4 ks and then quenched into water by breaking the quartz tubes. The surface of the homogenized ingots was polished followed by cold-rolling with 95% reduction of thickness. The corresponding final thickness was about 0.5 mm. The cold-rolled materials were again sealed into evacuated quartz tubes, solution-treated at 1273 K for 1.8 ks and then quenched into water by breaking the quartz tube in a similar way.
For the -2 X-ray diffraction (XRD) analysis, the surface of the specimens was polished mechanically by emery papers and diamond pastes with diameter of up to 1 mm followed by electropolishing using a solution of perchloric acid : butanol : methanol ¼ 1 : 6 : 10 in volume at 220 K. The XRD measurement was carried out at room temperature (RT) with CuK radiation. Si powder was used as an external reference material.
The specimens for optical microscopy (OM) were chemically etched in a solution of hydrofluoric acid : nitric acid : distilled water ¼ 8 : 15 : 77 in volume at RT after the electropolishing.
Thin foils for transmission electron microscopy (TEM) observation were prepared using a twin-jet polishing technique at 223 K in a solution of hydrofluoric acid : sulfuric acid : methanol ¼ 1 : 10 : 16 in volume.
The martensitic transformation temperatures (martensitic transformation start and finish temperatures, M s and M f , and reverse martensitic transformation start and finish temperatures, A s and A f , respectively) were evaluated by differential scanning calorimetry (DSC) in a temperature range from 123 K to 423 K with a heating/cooling rate of 10 K/min (¼ 0:167 K/s). The weight of each DSC specimen was about 25 mg.
Superelastic behavior was examined at RT by a cyclic loading-unloading tensile test with a constant strain increment of 1% per cycle. The stain rate employed was 5 Â 10 À4 s À1 . The tensile specimens were prepared from the coldrolled materials by mechanical cutting, and the damaged surface layer was removed by mechanical polishing followed by the solution-treatment. The gauge length, width and thickness of the tensile specimens were 10 mm, 2 mm and 0.5 mm, respectively. The longitudinal axis (tensile axis) of the specimens was set to be parallel to RD. The critical stress for inducing martensite ( SIM ) was evaluated from the results obtained by the cyclic loading-unloading tensile test. SIM employed in this study was defined as the stress at the first yield point in the 4th cycle of stress-strain curve, as shown in Fig. 1 . The residual strain which is unrecoverable permanent deformation was used to evaluate the SLIP and it was defined as the strain remains after unloading as also shown in Fig. 1 . Figure 2 shows partial XRD profiles of the alloys. The diffraction peaks of 0B, 0.03B and 0.05B indicate that these alloys are composed of the single phase only. On the other hand, other diffraction peaks than phase were detected in 0.07B and 0.10B. According to the Ti-B binary phase diagram, 27) the solid solubility of B in the -Ti phase is about 0.05 mass%B at a temperature range of 993 to 2073 K. Therefore, it is accepted that the additional element B can be soluble in the Ti-24 mol%Nb-3 mol%Al alloy when less than 0.05 mass%B. The second phase detected in 0.07B and 0.10B was identified to be TiB. From these results, it was recognized that 0B, 0.03B and 0.05B were the single phase of and that 0.07B and 0.10B were two phase of and TiB. Figure 3 shows that the lattice parameter of 0B, 0.03B and 0.05B at RT as a function of B concentration for the alloys with single phase. It is seen that the lattice parameter increases with increasing B concentration. This must be because the B atoms occupying the interstitial sites in the bcc lattice expand the atomic distance between metallic elements.
Results and Discussion

X-ray diffraction pattern
Microstructure
It was confirmed by the optical microscopy that all the alloys had equiaxed grains. Typical optical microstructures of 0B and 0.07B are shown in Fig. 4 (a) and (b), respectively. The black dots seen in the figures were mostly etching pits. TiB particles were not clearly detected regardless of the B concentration. The averaged grain size of 0B, 0.03B and 0.05B, which are single phase of by XRD, was 90, 90 and 80 mm, respectively. On the other hand, the grain size of both 0.07B and 0.10B, which are and TiB two-phase by XRD, was 45 mm in the both alloys. By comparing the grain sizes of the single and two phase alloys, it is understood that the grain size is smaller in the two phase alloys than in the single phase alloys. This decrease in the averaged grain size of 0.07B and 0.10B is, therefore, considered to be due to the existence of the second phase TiB. There are some reports investigating the effect of grain size on mechanical properties such as tensile behavior and fracture characteristics of -Ti alloys. 28, 29) This decrease in grain size can be explained by grain boundary pinning by the second phase during the solution treatment. Recently, Bhattacharjee and co-workers have reported that the 0.2% flow stress (¼ SLIP ) of the solution-treated Ti-10V-2Fe-3Al (mass%), which is one of the common metastable -Ti alloys, obeys a Hall-Petch relationship with the grain size.
29) The increase in SLIP in this case is estimated as a few tens of MPa in the paper. Fig. 5(c) . The ! phase detected in this study is considered to be the athermal ! which commonly exists in the TiNb alloys. 3, 22) TiB (or other phase than and !) was not found by our limited TEM observation carried out for 0.10B, although it was detected in the XRD profiles. These evidences suggest that the volume fraction and also the number of TiB particles are small in 0.07B and 0.10B.
Martensitic transformation temperature
Martensitic 
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A f ) of the alloys obtained by DSC are summarized in Fig. 6 and Table 1 . All the martensitic transformation temperatures, M s , M f , A s and A f , were lowered by increasing the amount of B addition when the concentration of B was less than 0.05 mass%B. Based on these results, it can be said that B addition decreases M s with a ratio of À450 K/mass%B (¼ À120 K/mol%B) in the single phase region. The decrease by B is comparably larger than À40 K/mol%Nb and À40 K/ mol%Al in the TiNbAl system. 30) The B addition is concluded to be much effective to decrease M s of the TiNbAl alloys.
It was also seen in Fig. 6 that M s was almost constant regardless of B concentration when more than 0.05 mass%B. This indicates that solid solubility of B is 0.05 mass% at the solution treatment temperature, and this implies that two phase appears by the XRD analysis for the alloys with higher B concentration (0.07B and 0.1B). Figure 7 shows the cyclic loading-unloading stress-strain curves of (a) 0B, (b) 0.03B, (c) 0.05B, (d) 0.07B and (e) 0.10B. Superelasticity appeared in the all alloys regardless of the B concentration. It was also seen that the flow stress was increased by the B addition. Based on these flow curves, the critical stress for slip SLIP and the stress for inducing martensite SIM and are evaluated and discussed in the below.
Critical stress for slip deformation
In order to investigate the effect of B addition on critical stress for slip SLIP , relationship between stress and residual strain was obtained using the maximum applied stresses and unrecoverable residual strains for all the cyclic loadingunloading tensile tests. This relationship corresponds to the stress-strain curves of usual materials deformed by slip mechanism. Figure 8 shows the relationships between stress and residual-strain of all the alloys. It was found that the flow stress is higher in the alloy containing higher amount of B concentration. However, the difference in flow stress is small in the alloys containing higher than 0.05 mass%B (two phase alloys) than the others (single phase alloys). The stress to introduce 0.2% residual strain was defined as SLIP , which is obtained by measuring the stress at 0.2% residual strain (shown by the broken line) in Fig. 8 . The values of SLIP are summarized in Table 2 , and plotted in Fig. 9 as a function of B concentration.
As shown in Fig. 9 , SLIP was increased to be 3 GPa/ mass%B (¼ 150 MPa per 0.05 mass%B) with increasing the B concentration being up to 0.05 mass%B, and the increment was small when added more than 0.05 mass%B. These results imply our previous report that 0.05 mass%B addition is effective on strengthening of the TiNbAl alloys. 24) The strengthening by the addition of 0.05 mass%B is mainly considered to be the solid solution strengthening due to the B atoms occupying the interstitial lattice sites. Other strengthening factors should be concerned. As mentioned in the section 3.2, it is expected to increase a few tens of MPa by the reduction in grain size. 29) Thus, the grain size should be a minor factor for strengthening, because a few tens of MPa by grain refinement is smaller than 150 MPa experimentally obtained by 0.05 mass%B addition. Precipitation hardening and dispersion hardening are also influential in most alloys. If the precipitation hardening by TiB is effective for hardening, SLIP should be raised in the two phase region where the concentration of B was higher than 0.05 mass%B. However, no significant hardening was observed in the two phase region. Thus, the large strengthening by B addition in the single phase region is judged to be solid solution hardening. The solid solution hardening by B addition must be related with the lattice parameter change of 0.4 nm/mass%B as shown in Fig. 3 .
Stress for inducing martensite
The stress for inducing martensite SIM evaluated using Fig. 7 is plotted as Fig. 9 as a function of B concentration. It was found that SIM is slightly increased with increasing B concentration in the single phase region. The stress increase by B addition Á SIM is estimated to be 500 MPa/mass%B (¼ 25 MPa per 0.05 mas%B). The change in SIM by the B addition is, at least, explained by the change in the martensitic transformation temperature: SIM should be increased by decreasing M s according to the ClausiusClapeyron type equation.
31) It was already mentioned that martensitic transformation temperature M s is decreased with the ratio of À450 K/mass%B (¼ ÁM s ). By dividing Á SIM by ÁM s the slope of the Clausius-Clapeyron type equation, Á=ÁT, is calculated to be 1.1 MPa/K. It was reported that Á=ÁT of most Ti-base shape memory alloys is 1 $ 2 MPa/ 
Single phase Two phase K and that value of 1.1 MPa/K obtained for the B-added alloys is similar to that obtained for the TiNbGe alloy with a similar chemical composition. 32) Therefore, the increase in SIM by B addition can be explained by the decrease in M s by B addition.
The effects of B addition to TiNbAl alloy on the superelastic deformation are summarized as (1) increase in SIM due to the decrease in M s (500 MPa/mass%B) and (2) increase in SLIP due to the solid solution strengthening (3 GPa/mass%B). By comparing both effects, B addition is more effective to enhance critical stress for slip than stress for inducing martensite. This increase in critical stress for slip deformation leads to the reduction of residual strain (permanent unrecoverable strain) introduced during superelastic deformation. Therefore, B addition can be concluded to be effective to improve and stabilize the superelasticity of TiNbAl alloys.
Conclusions
(1) The diffraction peaks from the phase were only detected when the amount of B is less than or equal to 0.05 mass%B. On the other hand, the other diffraction peaks than phase were detected when the amount of B is more than 0.05 mass%B. The second phase was identified to be TiB. It is estimated by XRD analysis that the solid solubility of B in Ti-24 mol%Nb-3 mol%Al is about 0.05 mass%B. (2) The averaged grain size of TiNbAl was decreased by the B addition when more than 0.05 mass%B. TiB particles must play a role of pining points at the grain boundary, leading to the suppression of grain boundary motion during grain growth. (3) When the alloy is single phase (5 0:05 mass%B), the martensitic transformation temperatures of TiNbAl was decreased by the B addition, and the decrease is estimated to be À450 K/mass%B (¼ 120 K/mol%B). (4) The increase in stress for inducing martensite by decreasing M s , Á=ÁT, of the TiNbAl alloy containing B is calculated to be 1.1 MPa/K. This value is similar to that of other Ti-base shape memory alloys. (5) When the alloy is and TiB two phase, both the martensitic transformation temperature and the stress for inducing martensitic transformation were kept constant regardless of B concentration. (6) The critical stress for slip deformation of TiNbAl was increased by the B addition to be 3 GPa/mass%B. This strengthening is due to the solid solution strengthening. And the critical stress for slip becomes constant in the and TiB two phase region. (7) B addition is effective to improve and stabilize the superelasticity of TiNbAl alloys. 
